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Receiving method and receiver 
Field 

[0001] The invention relates to a mettiod of receiving of a signal us- 
ing an antenna array comprising more than one antenna elements and a re- 

5 ceiver. 

Background 

[0002] In radio systems, where information is transferred on a radio 
path, the desired signal is Impaired by Interference caused by other users or 
systems and noise which sum into the signal. Therefore, radio systems employ 

10 different diversity methods to increase the coverage area and/or capacity of 
the system. One of them is spatial diversity, which is obtained using an array 
antenna comprising a plural number of antenna elements that are physically 
separate from each other. The received signals are combined in diversity re- 
ceivers using a suitable combining method. 

15 [0003] The task of combining is thus to combine signal components 

received with different antenna elements and to minimise the effect of noise 
and interference on the desired signal. Current receivers are based on statisti- 
cal signal models the accuracy of which cannot be relied on in all situations. A 
known combining method, which can reduce the impact of noise and interfer- 

20 ence, is Maximal Ratio Combining (MRC) method. However, this method sup- 
poses that the interference and noise in each antenna element are independ- 
ent of other antenna elements, i.e. they are white. This is not always true in 
actual cellular radio networks. In particular. For example, in many cases even 
only a few high-power signals may cause interference upon reception that af- 

25 fects all the antenna elements, i.e. the interference in the antenna elements is 
coloured. Another known combining method is Interference Rejection Combin- 
ing (IRC). IRC does not contain assumptions about whether interference and 
noise correlate with antenna elements. However, neither of these known 
methods has optimal interference rejection performance. 

30 [0004] A proposed improvement is Space Time Interference Rejec- 

tion Combining (STIRC). In this method, the received signal is oversampled, 
i.e. more than one sample is taken from each received symbol. It has been 
shown that the interference rejection capability of STIRC is 10 to 20 dB better 
than the capability of an equivalent MRC method. However, one problem with 

35 STIRC is that there can be significant amount of loss when the system is 
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tested in noise-limited environments using weak channel codes. Compared 
with MRC, the STIRC algorithm may show 0.5 - 1 dB degradation in sensitivity 
simulations. 

[0005] Receiver sensitivity is a key performance criterion In network 
5 planning. Good base station sensitivity can allow lower mobile station trans- 
mission power, thereby reducing overall interference, allowing better mobile 
station battery life, and hence lowering the number of sub-cells in coverage 
limited rural areas. IHowever, increasing capacity by deploying smaller cells 
may increase co/adjacent channel interference. Therefore, one of the issues in 
10 finding a combiner solution is to obtain an algorithm that maintains the existing 
sensitivity performance but does not significantly affects the interference per- 
formance. 

[0006] There have been proposals which combine MRC and STIRC 
methods. A suggested mechanism shown in Figure 1, is to switch between 

15 MRC and STIRC according to measured noise co-variance and variance 
terms. Signals are received and noise co-variance and variance terms are 
measured and estimated in block 100. In block 102, decision on the combining 
method to be used is made. On the basis of the decision, received signals are 
forwarded to respective combining unit 104 or 106. This solution provides a 

20 hard switch between two algorithms and may provide give a reasonable solu- 
tion provided that there is no overiap in the noise- and interference-limited re- 
gions on the used decision boundary. In practice, considering all channel con- 
ditions, obtaining an optimum decision boundary is a difficult task, which in turn 
causes significant interference removal loss. For example, it has been shown 

25 that the above solution where the best decision boundary is optimised against 
all possible channel conditions provides 3 - 5 dB interference losses while fo- 
cusing the sensitivity gain closer to MRC. Thus, almost half of the STIRC inter- 
ference gain is lost due to the extra complexity of the two different combiners. 

Brief Description of the invention 

30 [0007] It is an object of the invention to provide a receiving method 

with good interference rejection properties and sensitivity. According to an as- 
pect of the invention, there is provided a receiving method in a receiver of a 
radio system, comprising: receiving a signal with an array antenna comprising 
at least two antenna elements, oversampling the received signal, measuring 

35 the spatial and temporal colour of the received signal samples, combining the 
received signal using combined maximum ratio combining and space-time in- 
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terference rejection combining, controlling the combining of the received signal 
on the basis of the measurement result. 

[0008] According to an aspect of the invention, there is also pro- 
vided a receiver comprising an array antenna for signal reception, the array 
5 antenna comprising at least two antenna elements, the receiver further com- 
prising means for oversampling the received signal, means for measuring the 
spatial and temporal colour of the samples, means for combining the received 
signal using combined maximum ratio combining and space-time interference 
rejection combining, and means for controlling the combining of the received 

10 signal on the basis of the measurement result. 

[0009] Different embodiments of the invention provide several ad- 
vantages. In an embodiment of the invention, a decision boundary is formed 
based on a threshold that will detect a region with severe interference. In a 
preferred embodiment of the invention the energy of noise and the cross- 

15 correlation of noise between samples of the received signals are calculated. A 
threshold value is determined as a quotient of the above values. The combin- 
ing is then controlled on the basis of the threshold value. 

[0010] In an embodiment of the invention, the calculated threshold 
is compared with a predetermined threshold boundary, and if the threshold 

20 value exceeds the given p re-determined value, a scaling factor is calculated on 
the basis of the threshold value. The combining of the received signal is then 
controlled on the basis of the scaling factor. 

[0011] In an embodiment of the invention, if the threshold value is 
below the given pre-determined value, the combining process is IRC, whereas 

25 if the given pre-determined value is exceeded, MRC elements are gradually 
introduced to the combining process by scaling down the IRC elements in a 
correlation matrix used in the process. Thus the combining method is an adap- 
tive combination of these two methods. 

List of Drawings 

30 [0012] In the following, the invention will be described in greater de- 

tail with reference to the preferred embodiments and the accompanying draw- 
ings, in which 

[0013] Figure 1 shows an already described prior art combination 
arrangement; 

35 [0014] Figure 2 shows an example of a data transmission system, 

[0015] Figure 3 illustrates a signal model in a non-diversity case, 



[0016] Figure 4 illustrates a typical burst used in radio systems, 

[0017] Figure 5 illustrates an example of the structure of a diversity 
receiver employing STIRC, 

[0018] Figure 6 illustrates an example of the structure of a diversity 
receiver employing IRC. 

[0019] Figure 7 illustrates an example of the structure of a diversity 
receiver of an embodiment employing STIRC, 

[0020] Figures 8A to 8F illustrate simulation results, where a Prob- 
ability Density Function is plotted against thresholds of various channel condi- 
tions, and 

[0021] Figure 9 illustrates the use of a scaling factor. 

Description of tlie Embodiments 

[0022] With reference to Figure 2, examine an example of a data 
transmission system in which the preferred embodiments of the Invention can 
be applied. Figure 2 is a simplified block diagram that describes on network 
element level the most important parts of the radio systems. The structure and 
functions of the network elements are not described in detail, because they are 
commonly known. The described solution may be applied in digital TDMA, 
FDMA and CDMA radio systems, although it is not restricted to them. 

[0023] In Figure 2, a core network CN 200 represents the radio- 
independent layer of the telecommunications system. The radio systems are 
shown as a first radio system, i.e. radio access network 230, and a second 
radio system, i.e. base station system BSS 260. In addition, the Figure shows 
user equipment UE 270. The term UTRAN comes from the words UMTS Ter- 
restrial Radio Access Network, i.e. the radio access network 230 is imple- 
mented using wideband code division multiple access WCDMA. The base sta- 
tion system 260 is implemented using time division multiple access TDMA. 

[0024] Generally, it is also possible to define that a radio system 
comprises user equipment, also known as a user device or a mobile phone, 
and a network part that contains the radio access network or base station sys- 
tem of the fixed infrastructure of the radio system. 

[0025] The structure of the core network 200 corresponds to a com- 
bined GSM and GPRS system structure. The GSM network elements are re- 
sponsible for providing circuit-switched connections and the GPRS network 
elements are responsible for providing packet-switched connections, some of 
the network elements being, however, included in both systems. 



[0026] A mobile services switching centre MSG 202 is the midpoint 
of the circuit-switched side of the core network 200. One and the same mobile 
sen/ices switching centre 202 can be used to serve the connections of both the 
radio access network 230 and the base station system 260. The tasks of the 
6 mobile services switching centre 202 include switching, paging, location regis- 
tration, handover management, collecting subscriber billing information, en- 
cryption parameter management, frequency allocation management, and echo 
cancellation. The number of mobile services switching centres 202 may vary: a 
small network operator may have only one mobile services switching centre 
10 202, but large core networks 200 usually have several. 

[0027] Large core networks 200 can have a separate gateway mo- 
bile services switching centre GMSC 210 that takes care of the circuit-switched 
connections between the core network 200 and external networks 280. The 
gateway mobile services switching centre 210 is located between the mobile 
15 services switching centres 202 and the external networks 280. An external net- 
work 280 can be a public land mobile network PLMN or public switched tele- 
phone network PSTN, for Instance. 

[0028] A home location register HLR 214 contains a permanent 
subscriber register, i.e. the following information, for instance: an international 
20 mobile subscriber identity IMS!, mobile subscriber ISDN number MSISDN, au- 
thentication key, and when the radio system supports GPRS, a PDP (Packet 
Data Protocol) address. 

[0029] A visitor location register VLR 204 contains user equipment 
270 roaming information in the area of the mobile services switching centre 
25 202. The visitor location register 204 contains mainly the same information as 
the home location register 214, but the information is only temporarily in the 
visitor location register 204. 

[0030] An authentication centre AuC 216 always resides physically 
at the same location as the home location register 214 and contains an indi- 
30 vidual subscriber authentication key Ki, ciphering key CK and the correspond- 
ing IMSI. 

[0031] The network elements in Figure 2 are functional entities 
whose physical implementation may vary. Ordinarily, the mobile services 
switching centre 202 and visitor location register 204 form one physical device, 
35 and the home location register 214 and authentication centre 216 another 
physical device. 



[0032] A serving GPRS support node SGSN 218 is the midpoint of 
tile packet-switched side of the core network 200. The main task of SGSN 218 
is to transmit packets to and receive them from user equipment 270 supporting 
packet-switched transmission by using the radio access network 230 or base 
5 station system 260. SGSN 218 contains subscriber and location information 
concerning the user equipment 270. 

[0033] A gateway GPRS Support Node GGSN 220 is the packet- 
switched side counterpart to the gateway mobile services switching centre 210 
of the circuit-switched side, with the difference, however, that GGSN 220 must 
10 also be capable of routing traffic from the core network 200 to external net- 
works 282, whereas GMSC 210 only routes incoming traffic. In our example, 
the Internet represents the external networks 282. 

[0034] The first radio system, i.e. radio access network 230, com- 
prises radio network subsystems RNS 240, 250. Each radio network subsys- 
15 tem 240, 250 comprises radio network controliers RNC 246, 256 and Nodes B 
242, 244, 252, 254. The Node B is a rather abstract concept, and often the 
term base station is used instead of it. 

[0035] The radio network controller 246 controls the Nodes B 242, 
244. In principle, the aim is that the devices providing the radio path and the 
20 related functions reside in the Nodes B 242, 244 and the control devices reside 
in the radio network controller 246. 

[0036] The radio network controller 246 takes care of the following 
tasks, for instance: radio resource management of the Node B 242, 244, inter- 
cell handovers, frequency management, i.e. the allocation of frequencies to the 
25 Nodes B 242, 244, management of frequency hopping sequences, measure- 
ment of time delays on the uplink, provision of the operation and maintenance 
interface, and power control. 

[0037] The Node B 242, 244 comprises one or more transceivers, 
with which the WDCMA radio interface is provided. The Node B sen/es one 
30 cell, but it can also serve several sectored cells. The diameter of a cell may 
vary from a few metres to dozens of kilometres. The tasks of the Node B 242, 
244 include: timing advance calculation, uplink measurements, channel cod- 
ing, encryption and decryption. 

[0038] The second radio system, i.e. base station system 260, 
35 comprises a base station controller BSC 266 and base stations BTS 262, 264. 
The base station controller 266 controls the base stations 262, 264. In princi- 



pie, the aim is that the devices providing the radio path and the related func- 
tions reside in the base stations 262, 264 and the control devices reside in the 
base station controller 266. The base station controller 266 takes care of es- 
sentially the same tasks as the radio network controller. 
5 [0039] The base station 262, 264 contains at least one transceiver 

that provides one carrier, i.e. eight time slots, i.e. eight physical channels. 
Typically, one base station 262, 264 serves one cell, but it can also serve sev- 
eral sectored cells. The base station 262, 264 also comprises a transcoder that 
converts between the speech coding formats used in the radio system and the 

10 public telephone network. However, in practice, the transcoder usually resides 
physically in the mobile services switching centre 202. The tasks of the base 
station 262, 264 correspond to those of the Node B. 

[0040] Both Node B 242, 244 and base station 262, 264 may utilise 
spatial diversity, i.e. use an array antenna in the signal reception (and also 

15 transmission). An antenna array may comprise a plural number of antenna 
elements that are physically separate from each other. The received signals 
are combined in diversity receivers using a suitable combining method. 

[0041] The user equipment 270 comprises two parts: mobile equip- 
ment ME 272 and UMTS subscriber identity module USIM 274. The user 

20 equipment 270 contains at least one transceiver that provides a radio link to 
the radio access network 230 or base station system 260. The user equipment 
270 may contain at least two different user identity modules. |n addition, the 
user equipment 270 contains an antenna, user interface and a battery. Cur- 
rently, there are different types of user equipment 270, those installed in cars 

25 and portable equipment, for instance. 

[0042] USIM 274 contains user-related information and especially 
information related to information security, such as an encryption algorithm. 

[0043] Let us next examine the theoretical basis of the disclosed so- 
lution. A signal model in a single branch case (i.e. no spatial diversity) is illus- 

30 trated in Figure 3. Symbols to be transmitted 300 are modulated in a modulator 
302 and transmitted through a channel 304 with impulse response h. In the 
channel noise w is added to the signal. Received base band signal z is thus 

z(n) = X * h(n) + w(n), 
where h is channel impulse response and w additive noise. This fomiula can 

35 be rewritten using matrix notation as 

z = Xh + w. 
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[0044] Applying this to a spatial diversity case, where two antenna 
branches are used, namely main and diversity branches, and assuming that 
the received signal is oversampled (two samples per symbol), we get the fol- 
lowing: 

(Zmi. Zm2) (Zdi, Zd2) 

Zmi = Xhivn + Wmi Zdi = Xhoi + Wdi (1 ) 

Zm2 = XhM2 + Wm2 Zd2 = Xhpi + Wd2 

where indices M and D indicate the main and diversity branches, 
and indices 1 and 2 denote a first and a second sample of a symbol, respec- 
tively. 

[0045] An example of a typical burst used in radio systems is illus- 
trated in Figure 4. The burst comprises actual encrypted data fields 400, 402, 
tail symbols 404, 406 at the beginning and the end of the burst, guard period 
symbols 408 and a training sequence 410. typically in the middle of the burst. 
Training symbols are known symbols, which are used in channel estimation. 
Error vectors Omi, eM2. eoi, 002 for each diversity branch and sample can be 
formed over the training sequence symbols as 

= (©Ml, eM2) eo = (eoi, eD2) 

eMi= Zmi — XhMi ©01= Zdi — Xhoi, (2) 

eM2= Zm2 — XhM2 ©01= Zd2 — XhD2 

where z denotes the training sequence symbols. 

[0046] Here it is assumed, that the interference and noise in each 
antenna element is not dependent on other antenna elements, i.e. they are 
coloured. The correlation of noise and interference is estimated using covari- 
ance matrices. 

[0047] Next, spatial noise co-variance matrices are determined. 
These matrices are needed for IRC spatial whitening, i.e. removal of correla- 
tion in the space domain. The spatial noise co-variance matrices Ai and A2 are 
determined independently for first and second samples as 
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[0048] Here E{eMi, eM2 } denotes the expectation value of product 
©Ml eM2 and eMi^ denotes a Hermitian vector of a complex vector eMi. cmi 
represents noise variance of a respective branch and sample, and covy repre- 
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sents the covariance between branches i and j. Although there are only two 
antenna branches, oversampling creates two additional "branches", thus nnak- 
ing the number of branches four. 

[0049] Next, temporal noise co-variance matrices are defined. 
These matrices are needed for temporal whitening in IRC i.e. removal of corre- 
lation in the time domain. These matrices are computed typically after the spa- 
tial whitening. The temporal noise co-variance matrices Cm and Co are deter- 
mined independently for main and diversity branches, respectively, as 
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[0050] Only variance and co-variance terms for the diversity branch 
need to be recomputed. The variance and co-variance terms for the main 
branch were already calculated for spatial whitening, and they do not need re- 
computing because the spatial whitening only affected the diversity branch 
signal and channel taps. 

[0051] Next, spatial and temporal noise co-variance matrix is de- 
fined. This 4x4 matrix is needed for space-time IRC spatial whitening. It is de- 
termined as 
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[0052] Let us study the combination of Space Time Interference Re- 
jection Combining (STIRC) and Maximum Ratio Combining (MRC). Consider a 
system where no temporal whitening is performed. This is typical for oversam- 
pled systems. Instead, spatial diversity terms from different antenna elements 
are whitened and combined. In a basic form, the noise covariance matrix N for 
two antennas can be expanded to a block matrix shown in equation 8, where 
the first matrix presents the noise variance terms (i.e. MRC) and the second 
matrix presents the co-variance terms (i.e. IRC). 
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[0053] It is possible to completely suppress the co-variance matrix 
distribution from the joint MRC-IRC combining process by using a scaling fac- 
tor a as shown in equation 9. 
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[0054] Thus, with the use of the scaling factor the properties of the 
combining process can be controlled adaptively. According to a preferred em- 
bodiment the value for the scaling factor is between 0 and 1 . As the value var- 
ies between these values, the properties of the combining process vary from 
full MRC to full IRC, covering all the combination possibilities between these 
extremes. 

[0055] It is possible to apply the above described scaling factor 
method also when more than two antennas are used. In that case correlation 
properties may vary between antenna array elements. The variation in correla- 
tion between antennas may be due to, for example, the radio channel, physical 
properties of random elements or the direction of arrival (DOA) of a radio sig- 
nal. It is known that dual polarized antennas have different correlation proper- 
ties between slanted elements (for example horizontal, vertical or +/- 45 de- 
grees slanted elements) if the DOA varies or the mobile is located away from 
antenna boresight. In one preferred embodiment several scaling factors are 
estimated. Equation 10 is a block matrix presentation of a joint MRC-IRC sys- 
tem for three antennas. 
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[0056] In this embodiment one scaling factor applies only to one se- 
lected pair of antennas. When a pair of antennas is selected and decorrelated, 
a specific scaling factor is calculated. 

[0057] Figure 5 illustrates an example of the structure of a diversity 
receiver employing STIRC. In this example, the receiver comprises an array 
antenna 500 with two antenna elements 500A, 500B for signal reception. The 



11 



received signal is processed in the radio frequency (RF) parts 502 of the re- 
ceiver. In the RF parts the radio frequency signal Is transferred to either inter- 
mediate frequency or to a base band frequency. The down converted signal is 
taken to A/D-converter 504, where the signal is oversampled. The samples are 
5 further processed in estimation means 506, where channel estimates are cal- 
culated, utilising methods known in the art. 

[0058] From the output of the estimation means the received sam- 
ples and channel estimates are taken to ST-IRC whitening means 516. The 
Input to the whitening means comprises the received unwhitened main branch 

10 samples 2mi. 2m2 508, main branch channel estimates hMi hM2 510, diversity 
branch samples zdi- zd2 512 and diversity branch channel estimates hoi hD2 
514. The output of the whitening means 516 comprises spatially and tempo- 
rally whitened samples and channel estimates for the main branch (yi,y2)M 
518, (hi,h2)M 520 and for the diversity branch (yi,y2)D 522, (hi,h2)D 524. The 

15 main and diversity branch signals are then processed independently in proc- 
essing means 526, 528, where MRC-weighted minimum-phase frequency- 
corrected samples and channel estimates are calculated. These values 530, 
532 are taken to decoding and combining means or to a trellis equalizer 534, 
which calculates soft bits 536, i.e. decoded bits, and an estimate of the cor- 

20 rectness of the decoding decision. 

[0059] Figure 6 illustrates an example of the structure of a diversity 
receiver employing IRC. The input samples are the same as in the previous 
figure, that is, the received unwhitened main branch samples Zmi. Zm2 508, 
main branch channel estimates hMi hM2 510, diversity branch samples zqi. zd2 

25 512, and diversity branch channel estimates hpi hD2 514. The spatial noise co- 
variance matrices Ai and A2 are computed for the input samples according to 
equations 3 and 4 in calculation means 610. The input samples are also de- 
multiplexed in demultiplexer 600 to obtain samples 602 - 608 from the first 
sampling time and the second sampling time. This is followed by spatial whit- 

30 ening 612 of the first and second samples. The spatially whitened samples 614 
are then multiplexed back in the multiplexer 616 to obtain samples for main 
and diversity branches 618, 620. 

[0060] After the spatial whitening, the temporal noise co-variance 
matrices Cm and Co are computed according to equations 5 and 6 in calcula- 

35 tion means 622, 624. Note that in this implementation only the variance and 
co-variance terms for the diversity branch are recomputed, as only the diversity 
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branch signal and channel taps were modified by the spatial whitening. The 
temporal whitening can then be done in calculation means 626, 628. At the 
output there are spatially and temporally whitened samples and channel esti- 
mates 630. The main and diversity branch signals are then processed inde- 
pendently In processing means 526, 528 similarly as in Figure 5. 

[0061] Let us study the spatial whitening process performed in 
means 610 in greater detail. The noise experienced on the main branch and 
the diversity branch is coloured. In other words, the covariance terms covy ^ 0 
if int j. This is because the main branch noise and the diversity branch noise 
follow random processes, which are not statistically independent. To achieve 
statistical independence IRC decorrelates the noise on the main and diversity 
branches in a spatial dimension. The noise will then be white for the main and 
diversity branches. Effectively, IRC whitens the noise spatially. 

[0062] Spatial whitening can be achieved by finding a linear trans- 
form, Ts, that transforms the signalling such, that the resulting noise gives a 
spatial noise covariance matrix, D, that has only non-zero diagonal terms. We 
have 

(^M1»^Dl) ^(2^M1 'Z'di ) =Ts(Zm1, Zdi) 

(2m2'2d2) ^^(2 M2 '2*02 ) =Ts(Zm2, Zd2) 

(hMvhoi)— ^(hMi,h'D,)=Ts(hMi, hoi) (11) 

(hM2»hD2)— ^(h' 'm2''^*d2) "TsChMa, hD2) 

[0063] The transform matrix, Ts, and the diagonilised noise matrix 

are computed in calculation means 632 and they are given as 
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where 
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[0064] IRC requires the MRC step. This is carrier out at the end of 
the branch processing 526, 528. just before the trellis equalizer 534. The noise 
variance is re-estimated, and the signal and channel taps are scaled with the 
weighted noise standard deviation for the main and diversity branch. 
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[0065] To avoid the matrices Ai and A2 becoming singular, wliich 
may iiappen at higli SNR (especially in fixed-point implementation), a small 
regularization constant, 6, may be added to the diagonal terms of the matrices 
Ai and A2 before the matrix inversion is performed. 

[0066] Next, let us study the temporal whitening process performed 
in means 626 and 628 in greater detail. Temporal whitening can be achieved 
by finding a linear transform, Tt, that transforms the first and second samples 
of the signal and channel taps, hi, ha, in such a way, that the resulting noise is 
statistically uncorrelated. The samples belong to the same branch. In IRC tem- 
poral whitening is done for each branch. We thus have 

(Z'mi.Z'mi)— '^(yi.y2)M =Tt(ZM1. Zm2) 
(Z'di . Z'd2 ) — '^(Vl . y2)D =Tt(ZD1 , Zd2) 

(^'Mi.h'M2)— '^(hi.h2)M =Tt(hMi,hM2) (15) 
(A'Di.h'D2)— ^(hi.hj)^ =Tt(hDi, hD2). 

[0067] Figure 7 illustrates an example of the structure of a diversity 
receiver of an embodiment employing STIRC where spatial and temporal whit- 
ening are combined and conducted within the same block. 

[0068] At the input there are the same samples as in the previous 
Figure, that is, the received unwhitened main branch samples zmi. zm2 508, 
main branch channel estimates hMi hM2 510, diversity branch samples Zdi. Zd2 
512 and diversity branch channel estimates hoi hoa 514. The 4x4 noise co- 
variance matrix N is computed for the input samples according to equation 7 in 
calculation means 700. The noise co-variance matrix 702 is taken to calcula- 
tion means 704, where a linear transform matrix Tst is calculated. The trans- 
form matrix is taken to whitening means 706, where the first and second sam- 
ples of the main and diversity branches for the signal zm, Zmz, zdi, zd2 and 
channel taps hm, hM2, hpi, hD2 are transformed by the transform matrix Tst in 
such a way that the resulting noise, Tt (eMi, eM2, eoi, eD2 ). is statistically uncor- 
related. After the linear transformation, the diagonal terms of the spatial tempo- 
ral noise covariance matrix D receive only the value one, i.e. we choose by 
design that D equals the 4x4 identity matrix. Thus, 

(2mi>Zmi.Zdi.Zd2) ^-^(yM1>yM2'yD1.yD2) =Tst(ZM1, Zm2. Zqi, Zd2) 

. hM2 A V ) — ,^2)^, (hi , hj)^ ] =Tst(hMi , hM2i hoi I hD2) (16) 
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[0069] The transform matrix Tst in given by tlie equation 
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[0070] Let us return to the noise correlation matrix defined in equa- 
tion 7. As already stated, am represents noise variance of the respective 
branch and sample, and covy represents the co-variance between branches i 
and j. Thus, COV12 represents co-variance between branches 1 and 2, and 
COV34 represents co-variance between branches 3 and 4. The co-variances 
between samples of the main branch (covi2 and COV21) and between samples 
of the diversity branch (COV34 and COV43) are temporal co-variances needed for 
temporal whitening. The other covariance terms are spatial co-variances 
(COV13, COV31, COV14, COV41. COV23. COV32, COV24, COV42) needed for spatial whiten- 
ing only when interference is involved. The amount of interference influencing 
the system has an effect on the values of the spatial co-variances. The values 
of the co-variances are negligible when the system is influenced by a small 
amount of interference but with large amount of additive Gaussian noise. 

[0071] STIRC has a small sensitivity loss compared with MRC. In 
an embodiment of the invention, a sensitivity condition is estimated, and the 
co-variance terms are scaled down if a given threshold is exceeded. The scal- 
ing down operation gradually introduces MRC and hence reduces the influence 
of spatial decorrelation in a noise-limited environment. A higher scaling factor 
can turn off spatial decorrelation completely. 

[0072] In an embodiment of the invention a decision boundary 
based on a threshold is formed to detect a region with severe interference. It 
should be noted that when the system is influenced by severe interference 
spatial covariance terms cannot be altered, i.e. the need for STIRC is para- 
mount. A suitable threshold is 



P = 



var 



small 



I c var 



small 



(18) 
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where varsmaii represents the smallest variance obtained from matrix 
N. This corresponds to the energy of the interference. Similarly, c varsmaii de- 
notes the smallest spatial co-variance. This corresponds to the correlation of 
the interference in relation to the samples. By using simulation to examine all 
5 channel condition and coding schemes, it can be estimated that the optimum 
threshold value that separating a region of severe interference is 2. This can 
be readily verified from Figures 8A to 8F, in which the Probability Density 
Function (PDF) is plotted against thresholds for various channel conditions. 
The figures show the occurrences in a given channel against the thresholds 

10 when given channel is simulated using various interference and noise levels. 

[0073] Figures 8A to 8F show how the threshold values are distrib- 
uted when TUSOiFH (Typical Urban, mobile velocity 50km/h, ideal frequency 
hopping) at 1800 MHz channel condition is simulated using various interfere 
ence and noise levels. The x-axis represents the threshold value bins and the 

15 y-axis represents the total number of occurrences detected within those bins. 
Figures 8A to 8C illustrate the PDFs obtained for 3 different Eb/No values, 
while Figures 8D to 8F show the PDFs for 3 different co-channel interference 
levels. For example, Figure 8A shows the threshold distributions for a simu- 
lated TUSOiFH 1800 MHz where Eb/No = 0 dB. The threshold values of a large 

20 number of bursts that meet this particular condition are colleted and the num- 
bers of occurrences are plotted against the various threshold bins. 

[0074] From the PDFs shown in Figures 8A to 8F it can be deter- 
mined that threshold boundary value 2 can be used to separate the interfer- 
ence-limited environment perfectly. In an embodiment of the invention, STIRC 

25 is always used when the measured ratio p in equation 18 is smaller than the 
predetermined threshold. Thus, it helps to obtain interference gain via spatial 
decorrelation. When the ratio p defined by the equation 18 exceeds the prede- 
termined threshold (i.e.p > 2), a scaling factor a is calculated as 

a = e^ (19) 

30 and the spatial co-variances are scaled down according to equation 

cov'- 

cov^j = ^ . (20) 

a 

[0075] Thus the influence of spatial decorrelation is reduced expo- 
nentially as the amount of interference decreases. The exponent scaling is pre- 
ferred, as the spatial covariance values vary significantly in severely noise- 
35 limited environments. The new spatial co-variances are then used to obtain a 
transform matrix for a spatial whitening process. 
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[0076] In another embodiment also a linear scaling can be used. 

such as 

a = A*p. (21) 
where A represents a scale value (e.g. 10). However, it may provide slightly 

5 poorer performance in areas where the received signal is mainly dominated by 
AWGN (Average White Gaussian Noise). 

[0077] Figure 9 illustrates the use of the scaling factor. In this ex- 
ample, the receiver of Figure 9 comprises an array antenna 500 with two an- 
tenna elements 500A, 500B for signal reception. The received signal is proc- 

10 essed in the RF parts 502 of the receiver. In the RF parts the radio frequency 
signal is transferred either to intermediate frequency or to a base band fre- 
quency. The down converted signal is taken to A/D-converter 504, where the 
signal is oversampled. The samples are further processed in estimation means 
506 where channel estimates are calculated utilising methods known in the art. 

15 [0078] The sampled signals together with the channel estimation 

are taken to calculation means 900 where the noise co-variance matrix N de- 
fined in equation 7 is calculated. The matrix N and the samples are taken to 
interference detection means 902 where a threshold p is calculated according 
to equation 18. Next, in means 904, the calculated threshold is compared with 

20 a given predetermined value, and a scaling factor a is calculated according to 
equation 19. The factor a is then taken to noise co-variance matrix update 906, 
where a new matrix N is calculated according to equation 20, and finally to 
adaptive space-time interference rejection means 908, after which the signal is 
taken to branch processing (not displayed). 

25 [0079] The different calculation means 902 - 908 of Figure 9 can be 

implemented by means of one or more processors programmed by appropriate 
software, or in the form of hardware components, such as integrated circuits, 
discrete components, or a combination of any of these, which are evident for 
one skilled in the art. 

30 [0080] Even though the invention is described above with reference 

to an example according to the accompanying drawings, it is clear that the in- 
vention is not restricted thereto but it can be modified in several ways within 
the scope of the appended claims. 



